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Abstract
We study an extension of the scotogenic model with a real singlet scalar. It gives an origin of
the mass of right-handed neutrinos and plays a role of inflaton through a non-minimal coupling
with Ricci scalar. While an inert doublet scalar is an indispensable ingredient for neutrino mass
generation in the model, it is also a promising dark matter (DM) candidate. Introduction of
the singlet scalar could affect its nature of DM if mass of the singlet scalar is in a resonance
region. We focus our study on such a case where inflaton mass is expected to be in a TeV range
and reheating temperature is less than 109 GeV. Thus the model requires low scale leptogenesis.
After examining several effects brought about by the singlet scalar for the DM sector, we discuss
DM phenomenology such as high energy neutrinos and monochromatic gammas caused by its
annihilation.
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1 Introduction
The standard model (SM) can describe well the Nature up to the weak scale. On the other hand,
now we know several experimental and observational results which are not explained within it.
They are the existence of small neutrino mass [1,2], dark matter (DM) [3,4] and baryon number
asymmetry in the Universe [5]. These require some extension of the SM. As such an extension
at TeV scales, we have a simple model called the scotogenic model [6], which connects the
neutrino mass generation and the existence of DM. In this model, the SM is extended by an
inert doublet scalar and right-handed neutrinos. If we assume that these new fields are assigned
odd parity under the Z2 symmetry and all the SM contents have even parity, the neutrino mass
is generated at one-loop level and the lightest neutral Z2 odd particle can behave as DM. In
the original model and its several extensions [7–14], various phenomenological issues including
the explanation of baryon number asymmetry through leptogenesis [15] have been extensively
studied.
In this paper, we consider an extension of the model from a view point of cosmological
inflation. Cosmic Microwave Background (CMB) observations suggest that the exponential
expansion of the Universe should occur before the ordinary Big-Bang of the Universe [16, 17].
On the other hand, analyses of the CMB data seem to have already ruled out a lot of inflation
models proposed by now. Higgs inflation is a well-known example which is still alive [18]. It
uses a feature such that Higgs potential becomes flat enough for large field regions if the Higgs
scalar has a large non-minimal coupling with Ricci scalar. We apply this idea to a real singlet
scalar which is introduced to the model in order to explain an origin of the mass of right-handed
neutrinos. If the singlet scalar is supposed to have a substantial non-minimal coupling with
Ricci scalar, it could work as inflaton. Such a coupling of a real singlet scalar has been studied
as s-inflation in a different context [19,20]. There, unitarity problem which appears in the Higgs
inflation and many other models [21, 22] is suggested to be escapable. An interesting point in
this extended model is that the inflaton could affect DM phenomenology.
Our Universe is considered to be filled with unknown neutral particles called DM on basis
of several observational results [4], that is, rotation curves of Galaxies, fluctuation of the CMB,
bullet clusters and so on. Since the SM has no candidate for it, DM is one of crucial signatures
for physics beyond the SM. DM has been studied through direct search experiments, indirect
search experiments, and collider experiments. However, unfortunately we have not found its
signature through them still now. Now, direct search experiments put severe constraints on
a cross section between a nucleon and DM [23]. If we suppose the present DM abundance
in the Universe to be explained as thermal relics after their decoupling, the annihilation cross
section tends to be larger than the bound obtained by the direct search experiments. Since the
DM-nucleon scattering can be directly related to DM-DM annihilation processes in a lot of DM
models, they face severe constraints. On the other hand, if the model has no direct relation
between interactions which induce the DM nucleon scattering and the DM-DM annihilation, it
could open a new possibility for DM phenomenology.
We study inert doublet DM in this extended model as such a candidate. It is known that
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the relic abundance is determined by coannihilation among components of an inert doublet
scalar in the DM mass region such as & 600 GeV [24,25]. On the other hand, the nucleon-DM
scattering is caused only through Higgs exchange, which gives a subdominant contribution in
the DM coannihilation. This feature could weaken the above mentioned tension and keep it as
a promising candidate for DM. This DM candidate has other noticeable features also. First, the
self-interaction of inert doublet DM could be large enough by the existence of the real singlet
scalar if a certain condition is satisfied. In such a case, the DM-DM scattering is enhanced so
that DM capture rate through the self-scattering in the Sun might be affected. Second, the
mass of a real part and an imaginary part of the neutral component is favored to be degenerate
from a view point of the small neutrino mass generation, and then inelastic scattering could be
caused easily for this DM. These are expected to give a crucial influence on DM phenomenology
in the model. Taking account of them, we reconsider inert doublet DM physics focusing on high
energy neutrinos and monochromatic gammas caused through the DM annihilation [26].
Remaining parts of this paper are organized as follows. In section 2, we briefly explain the
extended model studied in this paper. After a possible inflation scenario is discussed, leptogenesis
is examined under low reheating temperature realized in the inflation scenario. We reexamine
the inert doublet DM in the model and discuss its several features quantitatively. In section 3,
an allowed parameter space is also examined by combining the constraints from the DM relic
abundance and the DM direct search. Taking account of the DM capture rate by the Sun which
could be modified by the nature of the present DM, we estimate expected high energy neutrinos
from the Sun. We also study high energy gammas from Galactic center and dwarf spheroidal
galaxies. Section 4 is devoted to summary of the paper.
2 An extension with a real singlet scalar
2.1 A model
The scotogenic model proposed in [6] is an extension of the SM with an inert doublet scalar η and
right-handed neutrinos Nk. While they are assumed to have odd parity under the Z2 symmetry,
all the contents of the SM are assigned its even parity. Thus, the model is characterized by the
following Z2 invariant terms in Lagrangian,
−LO =
3∑
α,k=1
(
hαk ℓ¯αηNk +
MNk
2
N¯ ckNk + h.c.
)
+m2φφ
†φ+m2ηη
†η + λ1(φ
†φ)2 + λ2(η
†η)2 + λ3(φ
†φ)(η†η) + λ4(φ
†η)(η†φ)
+
λ5
2
[
(φ†η)2 + h.c.
]
, (1)
where ℓα is a doublet lepton and φ is an ordinary doublet Higgs scalar. Since η is supposed to
have no vacuum expectation value (VEV), Z2 is kept as an exact symmetry of the model. As
a result, the lightest neutral Z2 odd field is stable to be DM. Among them, the lightest neutral
component of η is known to be a good DM candidate which does not cause any contradiction
with known experimental data as long as its mass is in the TeV range [13]. On the other hand,
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although neutrinos cannot get mass at tree level by the Z2 symmetry, neutrino masses could be
generated through a one-loop diagram and their formula is given as
Mναβ ≃
3∑
k=1
h∗αkh
∗
βk
[
λ5〈φ〉2
8π2MNk
M2Nk
M2η −M2Nk
(
1 +
M2Nk
M2η −M2Nk
ln
M2Nk
M2η
)]
, (2)
where M2η = m
2
η + (λ3 + λ4)〈φ〉2. This formula suggests that small neutrino mass could be
obtained for TeV scale MNk and Mη as long as |λ5| is small enough. Especially, it should be
noted thatMNk can take TeV scale values to realize the required neutrino mass even if extremely
small neutrino Yukawa couplings hαk are not assumed.
In this original model, mass terms of Nk are introduced by hand. Here we replace them with
Yukawa couplings with a real singlet scalar S which is introduced additionally. The mass term of
Nk is induced through these couplings if S gets a VEV 〈S〉 at a certain scale. In this extension,
we also enlarge the discrete symmetry Z2 to Z4, under which S, η and Nk are supposed to have
charge 2, 1 and −1, respectively. All the SM contents are assumed to have no charge of it. The
extended model is fixed by a Z4 invariant Lagrangian and its relevant parts for the new fields
are given as
−L =
3∑
α,k=1
(
hαk ℓ¯αηNk +
yk
2
SN¯ ckNk + h.c.
)
+ m˜2φφ
†φ+ m˜2ηη
†η + λ1(φ
†φ)2 + λ2(η
†η)2 + λ3(φ
†φ)(η†η) + λ4(η
†φ)(φ†η)
+
λ˜5
2
S
Λ
[
(φ†η)2 + h.c.
]
+
m2S
2
S2 +
κ1
4
S4 +
κ2
2
S2η†η +
κ3
2
S2φ†φ, (3)
where Λ is a cut-off scale of the model. Since 〈S〉 breaks the discrete symmetry Z4 to Z2,
the symmetry structure is the same as the one in the original model after this breaking. Even
in that case, this extension does not change the neutrino mass formula (2) since a term S2η2
is forbidden in eq. (3). If we define the fluctuation s˜ around the vacuum after the symmetry
breaking such as S = 〈S〉+ s˜, parameters in eq. (1) are determined by using the ones in eq. (3)
as
MNk = yk〈S〉, λ5 = λ˜5
〈S〉
Λ
, m2η = m˜
2
η +
κ2
2
〈S〉2, m2φ = m˜2φ +
κ3
2
〈S〉2. (4)
The mass of s˜ is fixed as m2s˜ = 2κ1〈S〉2. Since we consider a case the mass of η is smaller than
Mk, the lightest neutral component of η can be identified with DM
The extra doublet scalar η has four physical components, that is, charged ones η±, and
neutral ones η0R and η
0
I which are defined as η
0 = (η0R+ iη
0
I )/
√
2. After the Higgs doublet φ gets
a VEV, their mass is expressed as
M2η± = m
2
η + λ3〈φ〉2, M2η0R = m
2
η + λ+〈φ〉2, M2η0I = m
2
η + λ−〈φ〉2, (5)
where λ± ≡ λ3+λ4±λ5 is used. The mass of these components is found to be nearly degenerate
as long as m2η ≫ 〈φ〉2 is satisfied at least. In particular, the mass difference δ ≡ |Mη0I −Mη0R | ≃
|λ5|〈φ〉2/Mη0R can be very small for |λ5| ≪ 1, which is expected naturally from the smallness of
neutrino mass as mentioned above. It should be also noted that λ4 < 0 is satisfied since DM
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has to be electrically neutral. In the following study, we suppose λ5 < 0 and then the lightest
one is η0R. Although coupling constants λi are free parameters of the model, they have several
constraints at this stage. The stability of scalar potential of φ and η in eq. (3) is known to
impose the conditions such as
λ1, λ2 > 0, λ3, λ± > −2
√
λ1λ2. (6)
If we apply the observed Higgs mass to m2h = 4λ1〈φ〉2, we have λ1 ≃ 0.13. We also have a
condition λ3, λ± > −0.72
√
λ2 by applying this to the second condition in eq. (6). We also
impose the perturbativity of the model, which may be expressed as |λi| > 4π.
As a new feature of the model, it should be noted that there are interaction terms relevant
to s˜, which do not exist in the original model,
(i)
yk
2
s˜N¯ ckNk +
yk
2
s˜N¯kN
c
k,
(ii) κ2〈S〉s˜η†η + κ2
2
s˜2η†η + κ3〈S〉s˜φ†φ+ κ3
2
s˜2φ†φ.
(7)
First, since s˜ is supposed to play a role of inflaton, the interaction in (i) could contribute to re-
heating after inflation if ms˜ > 2MNk is satisfied. Even if ms˜ > 2MNk is not satisfied and Yukawa
coupling hαk is extremely small, a right-handed neutrino Nk could be brought in the thermal
equilibrium through this interaction. It could open a possibility for low scale leptogenesis. If
leptogenesis is caused by out-of-equilibrium decay of a right-handed neutrino with such hαk,
no contradiction could be caused among the parameters which explain the neutrino oscillation
data [27]. Second, the ones in (ii) could affect both Higgs physics and DM physics. If κ3 is not
small, it causes a dangerous mixing between s˜ and the Higgs boson. In the present study, we
assume κ3 = 0 to escape it.
1 Remaining terms could change DM phenomenology. They could
change the estimation of the relic abundance of η0R in the original model largely since the η
0
R
pair annihilation can be mediated by s˜. In the following part, we focus our study on such an
interesting case defined by the mass spectrum
2Mη0R
≃ ms˜ < 2MNk . (8)
2.2 Inflation
We should note that S could play a role of inflaton in addition to give the origin of the right-
handed neutrino masses. It has been known that a scalar field coupled with Ricci scalar can cause
an exponential expansion of the Universe [28]. Applying this idea to the SM, Higgs inflation has
been proposed in [18] as a realistic scenario for cosmological inflation. After this proposal, the
scenario has been studied from various view points [29]. Recent Planck data suggest that the
Higgs inflation scenario is one of favored inflation models. However, if a multi-component field
like the Higgs doublet scalar is supposed to play a role of inflaton in this framework, the model
could be suffered from unitarity problem [21, 22]. Since unitarity could be violated at a lower
1Although η-loop generates the S2φ†φ coupling radiatively, κ2 is required to be sufficiently small as discussed
later so that we can escape the dangerous mixing under this assumption.
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scale than an inflation scale through scattering amplitudes among scalars with non-minimal
couplings with Ricci scalar, new physics required for unitarity restoration could jeopardize the
flatness of inflaton potential at the inflation scale. It can be solved in a real singlet inflaton as
discussed in [22]. We apply this idea to S in this model.2 We suppose that only the singlet
scalar S has a non-negligible non-minimal coupling with Ricci scalar.
The action relevant to the present inflation scenario is given in Jordan frame as
SJ =
∫
d4x
√−g
[
−1
2
M2plR−
1
2
ξS2R+
1
2
∂µS∂µS − V (S)
]
, (9)
whereMpl is the reduced Planck mass and V (S) stands for a corresponding part of the potential
for S in eq. (3). We take S as an inflaton and other scalars are assumed to have much smaller
values than S during the inflation. In that case, V (S) can be approximately expressed as
V (S) ≃ κ1S4/4 for a sufficiently large value of S. In order to derive the action in Einstein frame
corresponding to eq. (9), we use a conformal transformation [18,28]
gµν = Ω
2gEµν , Ω
2 = 1 +
ξS2
M2pl
. (10)
As a result of this transformation, we find that it can be written as
SE =
∫
d4x
√
−gE
{
−1
2
M2plRE +
1
2Ω4
[
1 +
(ξ + 6ξ2)S2
M2pl
]
∂µS∂µS − 1
Ω4
V (S)
}
. (11)
If a canonically normalized field χ is introduced as
dχ
dS
=
[
1 + (ξ + 6ξ2) S
2
M2pl
]1/2
1 + ξS
2
M2pl
, (12)
the potential V (S)/Ω4 in eq. (11) can be expressed by using this χ. It is easily seen that the new
field χ coincides with S at a region where S ≪Mpl/
√
ξ is satisfied. On the other hand, if S takes
a large value such as S ≫Mpl/
√
ξ, S and χ are found to be related as S ∝ exp (χ/√6 + 1ξMpl).
The potential at this region is almost constant
VE =
κ1S
4
4
(
1 + ξS
2
M2pl
)2 ≃ κ1M
4
pl
4ξ2
. (13)
This suggests that χ could play a role of the slow-rolling inflaton in this region.
The number of e-foldings induced by the potential VE can be estimated as
N =
1
M2pl
∫ χ
χend
dχ
VE
V ′E
≃ 3
4
S2 − S2end
M2pl/ξ
, (14)
2Study of Higgs inflation in the inert doublet model can be found in [30]. Although the present inflation
scenario and its prediction are essentially the same as the ones in [18,19], the present inflaton could play a crucial
role in the DM phenomenology.
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Fig. 1 Feynman diagrams of dominant processes which contribute to the inflaton decay. Vµ represents gauge
bosons in the SM, that is, W±µ and Z
0
µ. Higgs scalar is also allowed as the final state.
where V ′E = dVE/dχ and eq. (12) is used. Slow role parameters derived from this potential can
be summarized as [31]
ε =
M2pl
2
(
V ′E
VE
)2
=
4M4pl
3ξ2S4
, η =M2pl
(
V ′′E
VE
)
= −4M
2
pl
3ξS2
. (15)
Since the inflation is considered to end at ε ≃ 1, we have S2end ≃
√
4/3M2pl/ξ, which suggests
that Send could be neglected in eq. (14). Thus, the slow roll parameters are found to be expressed
as ε ≃ 3/(4N2) and η ≃ −1/N by using the e-foldings number N only. The spectrum of density
perturbation predicted by the inflation is known to be expressed as
P(k) = As
(
k
k∗
)ns−1
, As =
VE
24π2M4plε
∣∣∣∣∣
k∗
. (16)
If we use As = (2.101
+0.031
−0.034)× 10−9 at k∗ = 0.05Mpc−1 [17], we find that the relation
κ1 ≃ 1.49 × 10−6ξ2N−2, (17)
which should be satisfied at the horizon exit time of the scale k∗. The spectral index ns and the
tensor-to-scalar ratio r are represented by using the slow-roll parameters as [31]
ns = 1− 6ε+ 2η, r = 16ε. (18)
Using the above results in these formulas, they are found to be ns ∼ 0.965 and r ∼ 3.3×10−3 for
N = 60. These values coincide well with the ones suggested by the Planck data [17]. Although
all these results are the same as the ones found in the Higgs inflation, the quartic coupling κ1 is
a free parameter in this model. It is completely different from the Higgs inflation case where the
corresponding quartic coupling λ1 is strictly constrained by the Higgs mass 125 GeV. This fact
allows ξ to take a much smaller value in comparison with the one of the usual Higgs inflation. For
example, ξ = O(102) realizes the observed value of As for N = 60 if κ1 = O(10
−6) is assumed.
This κ1 value suggests that the VEV of S has to take O(10
6) GeV for ms˜ = O(1) TeV.
The inflaton s˜ starts oscillation around the vacuum 〈S〉 after the end of inflation. During this
oscillation, s˜ is expected to decay to light fields through several modes. Since the mass pattern
in eq. (8) is assumed in this study, decay process of the inflaton is restricted to s˜→ η†η at tree
level. However, s˜ could also decay to a pair of SM gauge bosons, Higgs bosons and neutrinos
through one loop diagrams which have η or Nk in internal lines. A part of relevant Feynman
diagrams are shown in Fig. 1. Since neutrino Yukawa couplings and electromagnetic coupling
7
ms˜(GeV) κ1 λ+ λ3 ξ 〈S〉(GeV) TR(GeV) YB
(A) 2000 10−6 −0.38 0.2 49 1.4 × 106 3.5× 105 5.0 × 10−11
(B) 2000 10−7 −0.38 0.2 16 4.5 × 106 1.1× 106 9.4 × 10−11
(C) 2500 10−6 −0.48 0.3 49 1.8 × 106 3.9× 105 6.3 × 10−11
(D) 2500 10−7 −0.48 0.3 16 5.6 × 106 1.2× 106 1.1 × 10−10
(E) 3000 10−6 −0.58 0.45 49 2.1 × 106 4.3× 105 7.5 × 10−11
(F) 3000 10−7 −0.58 0.45 16 6.7 × 106 1.3× 106 1.3 × 10−10
Table 1 A vacuum expectation value 〈S〉 and reheating temperature expected for assumed values of model
parameters. ∆ and κ2 are fixed at 10
−6 and 4 × 10−6 in all cases, respectively. λ+ and λ3 are fixed by taking
account of constraints from DM phenomenology discussed later.
are small compared with others, the decay to a neutrino pair and photons can be neglected
among them. The decay width could be estimated as3
Γs˜ ≃(κ2〈S〉)
2
32πms˜
√√√√
1−
4M2
η0R
m2s˜
+
(κ2〈S〉)2
4096π5ms˜

(2c4w + 1)g4
c4w
∣∣∣∣∣I
(
m2η
m2s˜
)∣∣∣∣∣
2
+
1
2
(λ+ + λ− + 2λ3)
2
∣∣∣∣∣J
(
m2η
m2s˜
)∣∣∣∣∣
2

 , (19)
where g and θW are a SU(2) gauge coupling constant and the Weinberg angle, respectively.
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I(r) and J (r) are defined in eq. (53) of Appendix A. Especially, we should note that the one-
loop contribution could become comparable with the tree-level one due to kinematic suppression
for the latter if ∆ ≡ 1−4M2
η0R
/m2s˜ < O(10
−4) is satisfied. Here we should note that the quantity
in the brackets of the one-loop contribution in this Γs˜ takes a value of O(1). This decay width
determines reheating temperature after inflation as
TR ≃ 0.53
√
MplΓs˜ = O(10
7)
(
κ2√
κ1
)( ms˜
1TeV
)1/2
GeV. (20)
It also depends on other model parameters mη, λ± and λ3 than κ1, κ2 and ms˜ included in the
above formula. They are constrained through DM phenomenology as discussed below. Taking
account of them, expected values of ξ, 〈S〉 and TR are given for typical parameter sets in Table 1.
We note that both TR and 〈S〉 could be related to ξ through eq. (17) for a fixed value of ms˜. If
TR > 〈S〉 is satisfied, the restoration of Z4 could happen after the reheating and a domain wall
problem could appear. However, it could be escapable by assuming a smaller value for κ2.
2.3 Leptogenesis
In this model, baryon number asymmetry is expected to be generated through leptogenesis [15].
Whether reheating temperature expected in the present inflation scenario could make thermal
leptogenesis possible or not is a crucial problem for the model. As found in Table 1, reheating
3A supplemental discussion for this derivation is given in Appendix A.
4In the following part, we use the abbreviation such as cw = cos θW , sw = sin θW and tw = tan θW .
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temperature is not high enough to produce sufficient baryon number asymmetry through usual
thermal leptogenesis in the original scotogenic neutrino mass model [13]. Successful leptogenesis
requires much higher reheating temperature such as TR > 10
8 GeV. However, in that case, both
the production and the out-of equilibrium decay of right-handed neutrinos are assumed to be
caused by neutrino Yukawa couplings only. Thus, the lightest right-handed neutrino is difficult to
be generated in the equilibrium only by the neutrino Yukawa couplings in a consistent way with
both the neutrino mass generation and the generation of sufficient lepton number asymmetry.
This makes low scale leptogenesis difficult in the original model.
On the other hand, there is the interaction between right-handed neutrinos and the singlet
scalar in this model. Since the inflation requires 〈S〉 = O(106) GeV for ms˜ = O(103) GeV, the
coupling constant yk could have a rather large value such as O(10
−1) to realize MNk = O(10
5)
GeV for example. This interaction could make the lightest right-handed neutrino in thermal
equilibrium through the scattering mediated by the singlet scalar as long as heavier right-handed
neutrinos are in the thermal equilibrium. This could occur generally even if the neutrino Yukawa
coupling of the lightest right-handed neutrino is too small to make it in the thermal equilibrium.
It could make successful leptogenesis possible without causing a contradiction with the neutrino
oscillation data [27].
In this model with a tiny ∆, inflaton decays mainly to the SM gauge bosons through one-
loop diagrams and then the SM contents and η are thermalized through gauge interactions
immediately. Only the right-handed neutrinos are expected to be thermalized through neutrino
Yukawa couplings. Here, we remind that the neutrino oscillation data can be explained if two
right-handed neutrinos have substantial Yukawa couplings hαk (k = 2, 3). An important point
is that the remaining N1 could be irrelevant to the neutrino mass generation. Thus, its Yukawa
coupling and the mass is free from the constraints. We assume its Yukawa coupling hα1 with
doublet leptons is very small. Neutrino mass eigenvalues require hαk = O(10
−3) if |λ5| = O(10−4)
andMNk = 0(10
5) GeV are assumed. Since the decay width of Nk satisfies ΓNk > H(TR) in such
a case, N2,3 are expected to be thermalized simultaneously at the reheating period. On the other
hand, N1 is expected to be thermalized through the scattering NkNk → N1N1 mediated by s˜
since the relevant couplings have sufficient magnitude as discussed above. If N1 is thermalized
successfully, it decays to ℓαη
† in out-of-equilibrium through an extremely suppressed Yukawa
coupling. Since the decay is delayed largely, the washout process caused by Nk could be freezed-
out there and the generated lepton number asymmetry can be effectively converted to baryon
number asymmetry through sphaleron process. The generated lepton number asymmetry is kept
escaping dilution due to the entropy production from the decay of relic N1 after its substantial
generation as long as the relic N1 does not dominate the energy density.
We examine this scenario by solving Boltzmann equations for YN1 and YL(≡ Yℓ−Yℓ¯), which
are defined by using f number density nf and entropy density s as Yf = nf/s. An equilibrium
value of Yf is represented by Y
eq
f . As an initial condition, we assume YN1 = YL = 0 and Nk is
9
in the thermal equilibrium at TR. The Boltzmann equations analyzed here are given as
dYN1
dz
= − z
sH(MN1)
(
YN1
Y eqN1
− 1
)γN1D +
(
YN1
Y eqN1
+ 1
) ∑
k=2,3
γNkNk

 ,
dYL
dz
=
z
sH(MN1)

ε
(
YN1
Y eqN1
− 1
)
γN1D −
2YL
Y eqℓ

 ∑
i=1,2,3
γNiD
4
+ γ
(2)
N + γ
(13)
N



 , (21)
where z = MN1/T and H(T ) is the Hubble parameter at temperature T . γ
Ni
D is a reaction
density for the decay Ni → ℓη†, and γ(2,13)N [13] and γNkNk are reaction densities for lepton
number violating scattering mediated by Nk and scattering NkNk → N1N1 [27], respectively.
Although CP asymmetry ε is independent of flavor structure of the neutrino Yukawa couplings
hαk, reaction densities could depend on it. For concreteness and simplification, we assume
tri-bimaximal mixing [8] as a rather good 0th order approximation such as
hei = 0, hµi = hτi ≡ hi (i = 1, 2); he3 = hµ3 = −hτ3 ≡ h3. (22)
For numerical study of eq. (21), we use the parameters given in Table 1 and other relevant ones
are fixed at5
y1 = 10
−2, y2 = 6× 10−2, y3 = 10−1, |λ5| = 7× 10−5, h1 = 5× 10−8. (23)
We note that the lightest right-handed neutrino mass is of O(104) GeV for the adopted values
of y1 and 〈S〉. Neutrino Yukawa couplings h2,3 are determined to be of O(10−3) by using these
parameters in the neutrino mass formula (2) and imposing neutrino oscillation data. If we
assume a maximum CP phase in the CP asymmetry ε, it takes a value of O(10−7) for the
present parameter setting.
An example of solutions for the Boltzmann equations is shown in Fig. 2 to confirm the present
scenario. The figure shows that the out-of-equilibrium decay starts at z ∼ 1 and the lepton
number asymmetry is generated after it substantially. Sufficient lepton number asymmetry is
found to be produced before the sphaleron decoupling at zEW ∼ MN1/(102GeV). Although
the N1 decay is delayed, the entropy produced through the decay of N1 after the substantial
generation of lepton number asymmetry does not dilute it since he relic N1 never dominates
the energy density there. In the last column of Table 1, baryon number asymmetry generated
for the assumed parameters are presented. It shows that the model with suitable parameters
can generate sufficient amount of baryon number asymmetry through leptogenesis although the
reheating temperature is rather lower compared with the one required for successful leptogenesis
in the original scotogenic model. Since the right-handed neutrino mass is generated through
MNk = yk〈S〉, neutrino Yukawa couplings hαk change their values under the constraints of
neutrino oscillation data. The difference of YB among the cases shown in Table 1 is caused by
this reason. Since MN1 is irrelevant to the neutrino mass for the parameters in (23), y1 is free
from the constraint. A larger y1 can make the CP asymmetry ε larger without enhancing the
5A value assumed for |λ5| satisfies a constraint due to the DM direct search experiments which is discussed
later.
10
10-18
10-16
10-14
10-12
10-10
10-8
10-6
10-4
10-2
100
 0.1  1  10  100
z
YL     
YN1    
YN1
eq
    
ρN1/ρR
Fig. 2 Evolution of YN1 and YL is shown as a function of z. Horizontal dotted lines show a required value of
|YL| to realize the baryon number asymmetry in the Universe YB = (8.2 − 9.2) × 10
−11 (95% C.L.) [32] through
the sphaleron process. Parameters given in (F) of Table 1 are used in this calculation. Although the calculation
is started at z = 0.1 which are larger than zR corresponding to the reheating temperature, the result does not
depend on it. A ratio ρN1/ρR of the N1 energy density to the radiation energy density is also plotted by a
dash-dotted line.
washout effect since neutrino Yukawa couplings h2,3 are unaffected for such a change. It suggests
that YB values shown in Table 1 can be made larger by assuming a larger value of y1 within a
region such that it makes the scattering NkNk → N1N1 decouples before z ∼ 1.
2.4 Inert doublet DM
Here we focus our attention on the scalar η which contains a DM candidate. The η0R has several
interesting features which could affect DM phenomenology as noted before. It has interaction
terms
L ⊃− λ2
4
(η0R)
4 − λ2
2
(η0R)
2(η0I )
2 − λ2(η0R)2η+η− −
λ+√
2
〈φ〉h(η0R)2 −
λ+
4
h2(η0R)
2
− κ2
2
〈S〉s˜(η0R)2 −
κ2
4
s˜2(η0R)
2 +
g
2cw
Zµ(η
0
I∂
µη0R − η0R∂µη0I ) +
g2
8c2w
ZµZ
µ(η0R)
2
+
g2
4
W+µ W
−µ(η0R)
2 +
ig
2
W+µ (η
0
R∂
µη− − η−∂µη0R) +
ig
2
W−µ (η
+∂µη0R − η0R∂µη+)
+
egtw
2
Zµ(W
+µη− +W−µη+)η0R −
eg
2
Aµ(W
+µη− +W−µη+)η0R. (24)
where the physical Higgs scalar is represented by h. These interactions induce several processes
for η0R. In the following part, these may be denoted as (η
0
R, η
0
I , η
+, η−) = (η1, η2, η3, η4) in some
cases.
An first example is the pair annihilation of η0R to a pair of W
±, Zs and Higgs bosons, which
determines its relic abundance as DM in the Universe. Noting that total energy in the center
of mass system which can be expressed as s ≃ 4M2η1(1 + v2/4) by using relative velocity v of
η0Rs, a dominant part of their pair annihilation cross section σAv near the resonance s ≃ 4Mη1
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is found to be given by using Γs˜ given in eq. (19) and ∆ defined in the previous part as
σAv ≃ (2c
4
w + 1)g
4
128πc4wM
2
η1
(
1 +A(s,m2s˜)
)
+
1
64πM2η1
(
λ2+ + λ
2
− + 2λ
2
3 + B(s,m2s˜)
)
,
A(s,m2s˜) =
(
κ2〈S〉
4πms˜
)4 4
(∆− v24 )2 + γ2s˜
∣∣∣∣∣I
(
M2η1
s
)∣∣∣∣∣
2
,
B(s,m2s˜) =
(
κ2〈S〉
4πms˜
)4 (λ+ + λ− + 2λ3)2
(∆ − v24 )2 + γ2s˜
∣∣∣∣∣J
(
M2η1
s
)∣∣∣∣∣
2
, (25)
where γs˜ = Γs˜/ms˜ is used. In this expression, we neglect contributions such as tree level
annihilation to neutrinos, one loop process induced by the quartic coupling λ2, and cross terms
between tree and one-loop amplitudes and so on. Nontrivial velocity dependence appears in
this σAv from the s-channel process which is mediated by an s˜ exchange. It could induce a
crucial effect through the resonance around v = 2
√
∆.6 If the velocity distribution of η0R is
assumed to be the Maxwell distribution f(v) with velocity dispersion v¯ which is defined through
Mη1 v¯
2/2 = 3T/2 the velocity dependent part can be approximately averaged under a narrow
resonance condition ∆≫ γs˜ as∫ ∞
0
f(v)
(∆− v24 )2 + γ2s˜
≃ 4
√
2∆√
π
x3/2e−2∆x
∫ ν0
−ν0
dν
1
∆ν2 + γ2s˜
= 2
√
2πx3/2e−2∆x
√
∆
γs˜
, (26)
where we define x ≡ Mη1/T = 3/v¯2 and ν ≡ v − 2
√
∆. Since the condition ∆ ≫ γs˜ can be
expressed as
κ2 ≪ 10−3
(
∆
10−6
)1/2 ( κ1
10−6
)1/2
, (27)
eq. (26) is justified only for the case where κ1 and κ2 satisfy it. If it is not satisfied, small v
contributes substantially to the integration for large x regions. It should be corrected suitably in
that case. If we use eqs. (25) and (26), the η0R annihilation cross section averaged over the DM
velocity distribution 〈σAv〉 is found to be proportional to
(
κ2/
√
κ1
)2
at the resonance region.
To find the behavior of 〈σAv〉, we plot it as a function of x in Fig. 3. Here we note that
the DM velocity dispersion is considered to be v¯ ≃ 0.2c at the freeze-out period of DM from
the thermal plasma and v¯ ≃ 5 × 10−5c at the core of the Sun. The figure shows that the
annihilation cross section of η0R could have the similar value at x corresponding to both velocity
dispersions although the averaged cross section 〈σAv〉 has velocity dependence.7 This might
play an important role in the DM self-capture in the Sun. On the other hand, on the final
relic abundance of η0R in the Universe, we should note that it is not determined only by this
annihilation cross section. Since the mass of the components of η is nearly degenerate, co-
annihilation among all the components of η could play a crucial role for it [13, 24]. It suggests
6In various models, Breit-Wigner resonance has been extensively studied in the DM annihilation [33] and the
DM self-interaction [34].
7In a different context, the similar feature has been applied to the DM phenomenology in the scotogenic
neutrino mass model [9].
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Fig. 3 η0R annihilation cross section 〈σAv〉 averaged over the velocity distribution with dispersion v¯, where x is
related with v¯ by x = 3/v¯2. (κ1, κ2) are fixed at (10
−6, 4×10−6) in the left panel and (10−7, 4×10−6) in the right
panel. Its unit is taken as cm3s−1 in this plot. Each line corresponds to ∆ = 10−6.5 (red), ∆ = 10−6 (green),
and ∆ = 10−5.5 (blue) in both panels. Other relevant model parameters are fixed at Mη1 = 1000GeV, λ+ =
−0.38, λ3 = 0.2, and λ5 = −10
−4.
a possibility that the η0R annihilation cross section presented above may not be directly related
to its relic abundance in the model.
Elastic η0R-nucleon (N) scattering η
0
RN → η0RN , which is relevant to the DM direct search
and the DM capture in the Sun, is caused by an exchange of the Higgs boson h. Its cross section
is given as
σelN =
λ2+
8π
f¯2Nm
4
N
M2η1m
4
h
, (28)
where f¯N represents a coupling between the Higgs scalar and a nucleon. The Higgs scalar
mass and the nucleon mass are represented by mh and mN , respectively. Inelastic scattering
η0RN → η0IN could be also brought about by a Z boson exchange. Its cross section is estimated
as
σinelN =
1
2π
G2Fm
2
N , (29)
where GF is the Fermi coupling constant. These could also be relevant to direct search exper-
iments of DM. Especially, since the mass difference between η0R and η
0
I plays a crucial role in
this inelastic scattering, direct DM search experiments could constrain a value of |λ5| as we will
see it later.
Finally, we note that η0R self-scattering process such as η
0
Rη
0
R → η0Rη0R and η0Rη0R → η0Iη0I
could have an influence on the DM phenomenology. In fact, the capture rate of η0R in the Sun
could be affected by them. The cross section of the former is calculated as
σRR =
1
32πM2η1
∣∣∣∣3λ2 − λ2+λ1 +
(κ2〈S〉)2
2m2s˜
(
2− m
2
s˜
s−m2s˜ + iΓs˜ms˜
)∣∣∣∣
2
, (30)
where Γs˜ is the decay width of s˜ which is given in eq. (19). It is dominated by the last term
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near the resonance s ≃ m2s˜ and behaves as
σRR ≃ 1
128πM2η1

 1
4096π5

(2c
4
W + 1)g
4
c4W
∣∣∣∣∣I
(
M2η1
m2s˜
)∣∣∣∣∣
2
+
1
2
(λ+ + λ− + 2λ3)
2
∣∣∣∣∣J
(
M2η1
m2s˜
)∣∣∣∣∣
2




−2
.
(31)
Since
∣∣I(M2η1/ms˜2)∣∣2 ∼ (1− π2/4)2 is satisfied near the resonance, σRR could take an enhanced
value. As an example, if we suppose a case such as λ++λ−+2λ3 = 0 for which σRR is expected
to take a maximum value, we find
σRR ≃ O(10−25)
(
1TeV
Mη1
)2
cm2, (32)
which is much larger than a typical off-resonance value of O(10−35) cm2 expected for λi = O(1)
andMη1 = 1 TeV. The most stringent constraint on the DM self-scattering cross section σ comes
from a bullet cluster [35], which is given as σ/mDM . 7.0× 10−25 cm2GeV−1 for DM with mass
mDM [35,36]. It can be satisfied in the present model easily. The enhanced value of σRR makes
us expect that the self-interaction could cause a non-negligible additional contribution to the
capture rate of η0R in the Sun. On the other hand, the contribution from the inelastic scattering
is considered to be kinematically neglected for η0R at the core of the Sun. Its kinematical
condition s ≥ 4M2η2 is expressed as δ < Mη1v2/16, where v is the relative velocity. If we assume
Mη1 = O(1) TeV, it requires δ < O(10) keV for v¯ ∼ 0.7 × 10−3c which is expected for the
scattering between η0R in the Sun and η
0
R in the Galactic halo. We find that it contradicts the
result of the present direct search experiments as discussed in the next part. Thus, the inelastic
scattering η0Rη
0
R → η0Iη0I is safely neglected in the estimation of the capture rate of η0R in the
Sun. Applying these features of η0R to the experimental data for the relic DM abundance and
the direct DM search, we can derive several constraints on model parameters relevant to this
DM candidate.
3 Phenomenological consequences of the singlet scalar
3.1 Experimental constraints
(a) Relic abundance of η0R
In the present framework, it is natural to consider that all the components of η have the al-
most degenerate mass as discussed in the previous part. Thus, the η0R abundance in the present
Universe should be estimated taking account of co-annihilation process induced by the interac-
tions among the components of η in addition to eq. (25). Its relic abundance is approximately
estimated by using the formula [37]
Ωh2 ≃ 1.07× 10
9GeV−1
J(xF )g
1/2
∗ mpl
(33)
14
where mpl is the Planck mass. Freeze-out temperature TF (≡ Mη0R/xF ) and J(xF ) are respec-
tively defined as
xF = ln
0.0038mplgeffMη0R
〈σeffv〉
(g∗xF )1/2
, J(xF ) =
∫ ∞
xF
〈σeffv〉
x2
dx. (34)
Effective annihilation cross section 〈σeffv〉 and effective degrees of freedom geff are expressed by
using the thermally averaged (co)annihilation cross section 〈σijv〉 and the ηi equilibrium number
density neqi =
(
MηiT
2π
)3/2
e−
Mηi
T as
〈σeffv〉 = 1
geff
4∑
i,j=1
〈σijv〉n
eq
i
neq1
neqj
neq1
, geff =
4∑
i=1
neqi
neq1
. (35)
Thermally averaged (co)annihilation cross section may be expanded by the thermally aver-
aged relative velocity 〈v2〉 of the annihilating fields as 〈σijv〉 = aij + bij〈v2〉. Since 〈v2〉 ≪ 1 is
satisfied for cold DM, aij gives dominant contribution. The effective annihilation cross section
aeff ≡
∑4
i,j=1 aijNij which is caused by both the weak gauge interactions and the quartic scalar
couplings λi is calculated as [13,25]
aeff =
(1 + 2c4w)g
4
128πc4wM
2
η1
(
1 + 〈A(s,m2s˜)〉
)
(N11 +N22 + 2N34)
+
s2wg
4
32πc2wM
2
η0R
(N13 +N14 +N23 +N24)
+
1
64πM2η1
[{
λ2+ + λ
2
− + 2λ
2
3 + 〈B(s,m2s˜)〉
}
(N11 +N22) +
{
(λ+ + λ−)
2
+4λ23 + 2〈B(s,m2s˜)〉
}
N34 + (λ+ − λ−)2(N33 +N44 +N12) +
{
(λ+ − λ3)2
+(λ− − λ3)2
}
(N13 +N14 +N23 +N24)
]
, (36)
where 〈A〉 and 〈B〉 are averaged values of A and B in eq. (25) over the DM velocity distribution
and Nij is defined as
Nij ≡ n
eq
i
neq1
neqj
neq1
=
MηiMηj
M2η1
exp
[
−Mηi +Mηj − 2Mη1
T
]
. (37)
We estimate the relic abundance due to freeze-out of the thermal η0R by using these formulas.
Since the DM velocity dispersion at this freeze-out temperature is considered to be v¯ ∼ 0.2c
which corresponds to xF ∼ 25, the s-channel process is off resonance for a small ∆ such as 10−6
and it does not cause a substantial effect. In that case, main relevant free parameters contained
in the cross section are the DM mass Mη1 , the coupling constants λ+ and λ3.
8 We plot contours
of Ωh2 = 0.12 in the (λ+, λ3) plane for typical values of Mη1 in Fig. 4. Since Mη3,4 > Mη1,2
should be satisfied, the allowed region is constrained to λ4 < 0 which corresponds to a region
above a black solid line. The figure shows that the required relic abundance can be obtained
8Since we can suppose |λ5| is much smaller than |λ3| and |λ4| without loss of generality based on the discussion
on the small neutrino mass generation, we use these two couplings as independent parameters.
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Fig. 4 Contours of Ωh2 = 0.12 in the (λ+, λ3) plane for the present model with the singlet scalar S. They
are plotted for Mη1 = 1000 GeV (red solid line), 1250 GeV (green solid line) and 1500 GeV (blue solid line).
∆ = 10−6, κ1 = 10−6, κ2 = 4 × 10−6 are assumed. The present bounds of the direct DM search for each η0R
mass are also plotted by the same color dashed thin lines, which corresponds to the 90% confidence upper bound
for the spin independent DM-nucleon cross section. Since it depends on |λ+| only, the bound appears as vertical
lines in this plane. Only an upper region of the black line, which represents λ4 = λ+ − λ3 − λ5 = 0, is allowed,
since λ4 should be negative.
easily by choosing values of (λ+, λ3). Since we take a small value for κ2 so as to to satisfy
eq. (27), the singlet scalar effect is negligible in the relic abundance estimation.
(b) Direct search constraint
Nucleus-DM elastic scattering is brought about through a t-channel Higgs exchange in this
model. It can be a target of direct search experiments of DM and they impose a constraint on
the DM-nucleon scattering cross section σeln in eq. (28). Thus, it constrains a value of λ+ for
a fixed value of the mass of η0R. The most stringent bound is presented by XENON1T [23]. It
gives a constraint on spin independent DM-nucleon cross section such as σSI . 8.5× 10−46 cm2
for mDM =1 TeV. If we use mh = 125 GeV and f¯N = 1/3 in eq. (28), we can find a bound on
λ+ such as |λ+| . 0.4 for Mη1 =1 TeV. Since λ+ is also relevant to the relic abundance of η0R as
seen in the previous part, we have to combine them to find an allowed region for the parameters
of the model.
In Fig. 4, we show this direct DM search bound for the assumed η0R mass in the (λ+, λ3)
plane. The bounds are presented by dashed thin lines with different colors for each η0R mass.
The same color is used as the one for the relic abundance. Since σelN is independent on λ3 and
depends only on the absolute value of λ+, the bounds are represented as a set of symmetric
vertical lines in the (λ+, λ3) plane for a fixed η
0
R mass. Since a region sandwiched by these lines
is remained as an allowed region, only the points on the contours Ωh2 = 0.12 contained there
can be accepted. From this figure, we find that λ3 < 0 can be excluded by adding the direct
DM search bound to the relic abundance condition.
We remind here that inelastic scattering η0RN → η0IN could play an important role if the
mass difference δ = |λ5|〈φ〉2/Mη1 is small enough. In fact, it could occur at the similar order
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magnitude to the elastic scattering such as σinelN /σ
el
N ≃ 3(0.1/λ+)2, which is found from eqs. (28)
and (29). Since the direct searches find no events by now, we can consider two possibilities for
it. That is, they are kinematically forbidden or they are kinematically allowed but its signature
cannot be found at the present detector sensitivity. If the process is kinematically allowed, the
relative velocity v between DM and a target nucleus should be larger than a certain minimum
value vmin. Here, vmin can be estimated as [39,40]
vmin =
1√
2mNER
(
mNER
mr
+ δ
)
, (38)
where mN and ER are mass and recoil energy of a target nucleus N respectively, and mr is
the reduced mass of N and DM. Since v should satisfy v < vesc + v0 where vesc is the escape
velocity from our Galaxy at the Earth (vesc ≃ 544 km/s) and v0 is the circular velocity around
the center of Galaxy (v0 ≃ 220 km/s), the process is considered to be allowed kinematically for
vmin < v < vesc + v0. If we insert a relation vmin = vesc + v0 in eq. (38) and take account of
δ = |λ5|〈φ〉2/Mη1 , we find a critical value of λ5 as
|λc5| ≃ 8× 10−6
(
Mη1
103GeV
)(
MN
102GeV
)1/2( ER
40 keV
)1/2
. (39)
If |λ5| > |λc5| is satisfied, the inelastic scattering is kinematically forbidden. On the other
hand, for the case |λ5| < |λc5| we can consider a possibility that it is allowed kinamatically
but its signature is not found since the reaction rate is below the present detector sensitivity.
However, since present direct DM search experiments seem to have excluded such a possibility
already [41]. Anyway, although inelastic scattering could contribute to the DM capture in the
Sun in general [38], it needs not to be taken into account in the estimation of the η0R capture
in the present model. Here it may be useful to note that the bound on λ5 and the value of 〈S〉
require the cut-off scale Λ to be Λ . 1011 GeV for λ˜5 = O(1) through eq. (4). It coincides with
a scale of Peccei-Quinn symmetry breaking for the strong CP problem [42].
3.2 High energy neutrinos caused by annihilation of η0R captured in the Sun
DM in the Galaxy can be captured inside the Sun through scattering with nuclei contained in
the Sun if it loses energy and its velocity becomes smaller than the escape velocity at that point.
If the captured DM annihilates to produce neutrinos, they could be a good target of indirect
DM search [43]. It may give an interesting signature of the present model, which could have
enhanced self-scattering due to the possible resonance caused by the singlet scalar. We discuss
this subject here.
Time evolution of the number N of DM captured inside the Sun is described by the equation
[44]
dN
dt
= Cc + CsN −CaN2, (40)
where Cc and Ca stand for capture rate of DM through the scattering with nuclei in the Sun
and annihilation rate between DMs captured already in the Sun, respectively. The second term
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is caused by the self-scattering between DM in the halo of the Galaxy and DM captured in the
Sun. Since the age of the Sun is larger than the time scale τ = 1/
√
CcCa + C2s/4 for which DM
annihilation and DM capture are in the equilibrium,9 eq. (40) is considered to reach a steady
state. In that case, N can be expressed as
N =
Cs
2Ca
+
√
C2s
4C2a
+
Cc
Ca
. (41)
Since the annihilation rate of DM in the Sun is given by ΓA = CaN
2/2, it can be expressed as
ΓA =
1
2
[
Cc +
C2s
2Ca
(
1 +
√
1 +
4CaCc
C2s
)]
. (42)
In a case of C2s ≪ CaCc which corresponds to a case with negligible self-interaction, we have
ΓA = Cc/2. It is determined only by the capture rate Cc. If C
2
s ≫ CaCc is satisfied, we have
ΓA = Cs/2Ca which is irrelevant to the capture rate Cc on the contrary. These two limiting
cases suggest that enhanced self-capture expected in the present model might affect high energy
neutrino flux caused by the DM annihilation in the Sun to give a characteristic signature of the
model.
The flux of neutrino να caused by the η
0
R annihilation at the core of the Sun can be expressed
as [3]
dΦνα
dEν
=
1
4πR2
ΓA
∑
f
Bf
dNναf (Eν , Ein)
dEν
(43)
where R is the distance between the Sun and the Earth. ΓA is the annihilation rate of η
0
R in the
Sun and it is given by eq. (42). Bf is the branching ratio of the η
0
R annihilation to a channel f
which is contained in eq. (25). dNναf (Eν , Ein)/dEν stands for the να spectrum at the surface of
the Sun, when it is produced with energy Eν through the channel f with injection energy Ein.
High energy νµ and ν¯µ from the Sun are searched by observing up-going muons at IceCube.
Since no signature is observed still now, IceCube gives upper bound on the annihilation rate for
relevant DM decay modes such as W+W−, τ τ¯ and bb¯ which cause high energy neutrinos finally.
It could give some constraints on the the model.
Now we proceed to estimate Ca, Cc and Cs in order to estimate ΓA in the model. First
of all, we estimate Ca which can be expressed as Ca = 〈σAv〉
∫ R⊙
0 n
2
η1(r)4πr
2dr and N =∫ R⊙
0 nη1(r)4πr
2dr. Here nη1(r) is the η
0
R number density in the Sun and 〈σAv〉 is the averaged
total annihilation cross section given in eq. (25). If we use an effective volume Vj which is defined
as Vj =
∫ R⊙
0 n
j
η1(r)4πr
2dr, it is expressed as Ca = 〈σAv〉V2/V 21 [45]. The number density of η0R
near the core of the Sun could be represented as nη1(r) = exp(−Mη1φ(r)/T0) where φ(r) is the
gravitational potential of the Sun and T0 = 1.57 × 107 K is the core temperature of the Sun.
If we suppose a constant mass density near the core as ρ0 = 156 g/cm
3, φ(r) can be given as
φ(r) = 2πGρ0r
2/3. In that case, we find that Vj is approximately estimated as
Vj =
∫ R⊙
0
e
−
jMη1φ(r)
T0 4πr2dr =
(
3m2plT0
2jMη1ρ0
)3/2
≃ 7.30 × 1025
(
1TeV
jMη1
)3/2
cm3. (44)
9We can check that it is satisfied in this model for typical values of Cc, Ca and Cs presented below.
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Fig. 5 Capture rate Cc [s
−1] of η0R due to η
0
R-nucleus(Ni) scattering in the Sun. It is plotted as a function of
|λ+| for typical values of Mη1 . Since the upper bound of |λ+| is constrained by the DM relic abundance as shown
Fig. 4, it is taken into account in this plot.
By using eq. (25) for 〈σAv〉, Ca can be estimated as Ca ≃ 1.8 × 10−52 s−1 if we take relevant
parameters, as an example, to be (λ+, λ3) = (−0.38, 0.2) for Mη1 = 1 TeV, which is contained
in the allowed region shown in Fig. 4. Since (λ+, λ3) has to be contained in a region limited by
both the DM relic abundance and the DM direct search as shown in Fig. 4, expected values of
Ca cannot change largely from the value quoted above.
Next, we estimate Cc and Cs in the present model. For the estimation of Cc, we follow the
argument given by Gould [46] and apply it to η0R in the present model. Its expression is given
by using variables defined in Appendix B as10
Cc =
∑
i
σ(η1Ni)ρη1 v¯M⊙fi
4
√
6ζaiM2Ni

 2e
−aiζ2
1+ai√
1 + ai
erf
(
ζ√
1 + ai
)
− e
−aiζ2
1+ai
(A2c −A2s)(1 + ai)3/2
×
[(
Aˆi+Aˆi− − 1
2
− 1 + ai
ai − bi
)(
erf(Aˆi+)− erf(Aˆi−)
)
+
1√
π
(
Aˆi−e
−Aˆ2i+ − Aˆi+e−Aˆ2i−
)]Ai=Aci
Ai=Asi
+
e
−biζ2
1+bi
(ai − bi)(A2c −A2s)
√
1 + bi
×
[
e−(ai−bi)A
2
i
(
2 erf
(
ζ√
1 + bi
)
− erf(Aˇi+) + erf(Aˇi−)
)]Ai=Aci
Ai=Asi
}
. (45)
The η0R-nucleus(Ni) cross section σ(η1Ni) in this formula is given by using σelN in eq. (28) as
σ(η1Ni) = σelNA2i
M2η1M
2
Ni
(Mη1 +MNi)
2
(Mη1 +mp)
2
M2η1m
2
p
, (46)
where mp is the proton mass and Ai is the atomic number of nucleus Ni. Using this formula, we
plot Cc as a function of λ+ for several reference values of Mη1 in Fig. 5. SinceMη1 is assumed to
be in a TeV range which is much larger than the mass of target nucleus, the capture rate Cc is
kinematically suppressed to be O(1018) s−1. It suggests that Cs could have a substantial effects
in the η0R capture in the Sun only if Cs takes the same order value as
√
CaCc = O(10
−17) s−1.
10A brief review of this derivation is given in Appendix B.
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Fig. 6 Capture rate Cs [s
−1] of η0R due to the self-scattering in the Sun. It is plotted as a function of x. (κ1, κ2)
are fixed as (10−6, 4 × 10−6) in the left panel and (10−7, 4 × 10−6) in the right panel. Each line corresponds to
∆ = 10−6.5 (red), ∆ = 10−6 (green), and ∆ = 10−5.5 (blue) in both panels. Other relevant parameters are also
fixed at the same values used in Fig. 3.
Self-capture rate Cs can be also calculated in the same way as Cc as reviewed in Appendix
B. Its analytic expression is approximately obtained as
Cs ∼ 1
32πM2η1ζ
ρη1
Mη1
v2s
v¯2
[√
3
2
v¯
(
3λ2 −
λ2+
λ1
+
2(κ2〈S〉)2
m2s˜
)2
erf(ζ)
+
3
√
π
2
(
e
−
(√
6∆
v¯
−ζ
)2
− e−
(√
6∆
v¯
+ζ
)2)(
κ2〈S〉
ms˜
)4 1√
∆γs˜
]〈
v(r)2
v2s
〉
, (47)
where 〈v(r)2/v2s〉 is a value of the squared escape velocity averaged over the distribution of η0R
in the Sun. It is defined by using the number density n(r) of η0R in the Sun as〈
v(r)2
v2s
〉
=
1
N
∫ R⊙
0
4πr2drn(r)
v(r)2
v2s
, N =
∫ R⊙
0
4πr2drn(r), (48)
where vs is escape velocity at the surface of the Sun. Since η
0
R is heavy enough so as to be
accumulated in the core of the Sun, the average value of v(r)2/v2s in eq. (48) is evaluated as
5.1 [46]. In Fig. 6, we plot Cs as a function of x for a fixed value of ∆ by using eq. (47). Since
the velocity dispersion of η0R in the halo is considered to be v¯ ∼ 10−3c, Cs could be large as
long as v¯2 ≃ 2∆ is satisfied. Fig. 3 and Fig. 6 suggest that Cs is enhanced largely due to the
resonance in the s-channel process caused by the s˜ exchange for ∆ ≃ 10−6 while Ca can keep a
value required by the relic abundance there for suitable parameters because of v¯ ∼ 10−5 for η0R
in the Sun. Although the self-capture rate Cs is enhanced largely, it is difficult to reach a value
of O(10−17). The enhancement is not sufficient to make the predicted value of ΓA deviate from
ΓA = Cc/2 substantially.
By using Ca, Cc and Cs obtained in the above study, we can calculate the η
0
R annihilation
rate ΓA in eq. (42). We consider to apply a constraint on the DM decay to W
+W− obtained by
the IceCube neutrino telescope to this model. The annihilation cross section of η0Rs to W
+W−
is given as
〈σAv〉WW = g
4
64πM2η1
(
1 + 〈A(s,m2s˜)〉
)
+
1
128πM2η1
(
4λ23 + 〈B(s,m2s˜)〉
)
(49)
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ΓWW (s
−1) (a) 〈σAv〉γγ(cm3s−1) (b) 〈σAv〉γγ(cm3s−1)
(A) 4.2 × 1017 2.3× 10−29 2.2× 10−29
(B) 3.1 × 1017 2.3× 10−27 2.2× 10−27
(C) 2.3 × 1017 1.4× 10−29 1.4× 10−29
(D) 2.3 × 1017 1.4× 10−27 1.4× 10−27
(E) 1.8 × 1017 1.0× 10−29 9.6× 10−30
(F) 1.8 × 1017 1.0× 10−27 9.6× 10−28
Table 2 Predictions of the model for the the annihilation rate toWW , the averaged velocity weighted annihilation
cross section to monochromatic gamma-rays. We use typical values of the model parameter presented in Table 1.
The velocity dispersion is assumed to be v¯ = 3× 10−4c in (a) and v¯ = 3× 10−5c in (b).
where 〈A〉 and 〈B〉 are averaged values over the DM velocity distribution in the Sun. We assume
v¯ ≃ 5 × 10−5c in this analysis. Since the relevant model parameters are λ±, λ3, Mη1 and 〈S〉,
we take account of the constraint on them which is found in Fig. 3 to estimate annihilation
rate ΓWW . The results are shown in Table 2. If we compare these with the limit ΓWW ≤
9.34 × 1019 s−1 given by the IceCube in [47], the predicted values for ΓWW suggest that it is
difficult to examine the model by using neutrinos generated through the η0R annihilation in the
sun unless the sensitivity of experiments could be improved more than two order at least.
3.3 High energy gamma-rays produced through annihilation of η0R
It is well known that the η0R annihilates to a photon pair through one-loop diagrams in the
original model. However, since it is suppressed heavily, it is considered to be difficult to probe
them through indirect searches. In the present model, however, it can also occur through the s-
channel exchange of s˜. In that case, the cross section could be largely enhanced if the resonance
condition is satisfied for the velocity dispersion of DM at certain places where the annihilation
occurs. If such a situation is prepared somewhere in the Universe, monochromatic gamma-rays
generated through the η0R annihilation there might give us an observable signature of the model
in high energy gamma-ray searches such as H.E.S.S..
Gamma-ray flux Φγ caused by the η
0
R annihilation is expressed as
dΦγ
dEγ
=
1
4π
〈σAv〉
2M2η1
∑
f
dNfγ
dEγ
Bf
∫
∆Ω
dΩ′
∫
los
ρ2η1(r(ℓ, φ
′))dℓ(r, φ′), (50)
where Bf is the branching ratio to a final state f which generates gamma-rays and dN
f
γ /dEγ is
the gamma-ray spectrum generated there. A part given by integrals represents an astrophysical
factor called J-factor, which represents DM distribution within a solid angle ∆Ω along a line
of sight. Gamma-rays produced through the η0R annihilation have a line shape component. Its
cross section averaged over the velocity distribution is expressed near the resonance as
〈σAv〉γγ ≃ e
4
32πM2η1
(
16λ22
(4π)4
+ 〈A(s,m2s˜)〉
)
. (51)
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The second term comes from diagrams with the s˜ exchange in the s-channel and it gives a
dominant contribution near the resonance m2s˜ ≃ 4M2η1 .
We focus our analysis on the gamma-rays observed at the Galactic center [48] and dwarf
spheroidal galaxies [49]. If we assume density distribution ρDM and velocity dispersion v¯ of DM,
the observed flux of gamma-rays gives a constraint on the velocity weighted thermal averaged
cross section 〈σAv〉γγ predicted by the model through eq. (50). Although DM velocity dispersion
is not known well, we take it here as an example such as v¯ ∼ 3 × 10−4c for the Galactic
center [50] and v¯ ∼ 3× 10−5c for dwarf spheroidal galaxies, respectively. Then, we can estimate
〈σAv〉γγ using eq. (51) for typical model parameters. The results are shown in Table 2. The
observation of line spectrum of gamma-rays by H.E.S.S. gives constraints on 〈σAv〉γγ atmDM = 1
TeV such that 〈σAv〉γγ < 4 × 10−28 cm3/s for the Galactic center with Einastio profile and
〈σAv〉γγ < 3× 10−25 cm3/s for the dwarf spheroidal galaxies. The predicted values for the latter
are found to be well below the limit. On the other hand, the former one is not far from the
present bound depending on the assumed value of parameters. It may be useful to note that the
behavior of 〈σAv〉 in the case (A) and (B) is found as green lines in Fig. 3. It shows that 〈σAv〉
in the case (B) is larger than a required value by the present DM relic abundance at x & 107.
Table 2 shows that the monochromatic gamma search could be an effective way to examine the
model in such a case especially. Since the annihilation cross section is sensitive to the value of ms˜
and κ2, we may get a bound on them by using observational results of monochromatic gammas
in future. If the monochromatic gammas from the Galactic center are discovered at this energy
region, this type of model with appropriate parameters could be an interesting candidate for it.
4 Summary
We extended the scotogenic neutrino mass model with a real singlet scalar to explain the origin
of the right-handed neutrino mass. This extension could make the model incorporate inflation of
the Universe escaping problems appearing in the Higgs inflation. The inflation could be realized
naturally in the same way as the Higgs inflation. However, since the singlet scalar which is
identified with inflaton is free from phenomenological constraints unlike the Higgs boson, the
non-minimal coupling with Ricci scalar can take a rather small value compared with the Higgs
inflation case. Moreover, there appears no unitarity violation problem in the scattering process
mediated by the gravity until the inflation scale. Although reheating temperature is not high
enough compared with the one required in the ordinary leptogenesis, sufficient baryon number
asymmetry can be generated through leptogenesis owing to the singlet scalar.
On the other hand, the singlet scalar could change DM phenomenology substantially from the
one of the original model. A DM candidate in the model is a neutral component η0R of the inert
doublet, which is indispensable for the neutrino mass generation. If the singlet scalar satisfies
the resonant condition with η0R, both the self-scattering cross section and the annihilation cross
section of η0R mediated by the singlet scalar could be enhanced largely through the s-channel
singlet scalar exchange. As a result, the η0R capture rate in the Sun could be enhanced through
it. Since the velocity dispersion in the Galactic halo and in the Sun takes different values, it
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is possible that η0R annihilation cross section is kept to be the required value by the DM relic
abundance but only the self-scattering cross section in the Sun is enhanced. Taking account of
these points, we have estimated the η0R annihilation to neutrinos in the Sun and to high energy
monochromatic gamma-rays in the Galactic center and dwarf spheroidal galaxies.
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Appendix A
The singlet scalar S couples with gauge bosons W±, Z and photons A through one-loop dia-
grams with ηi in internal lines as shown in Fig. 1. It can be expressed as effective couplings∑
V GVµνS2V µi V νi for V µ =W±µ, Zµ and Aµ. We present an explicit expression of GVµν here. We
define four momenta of the final state gauge bosons as kµ1 and k
µ
2 and their polarization vectors
as εµ(k1) and ε
µ(k2), respectively. The center of mass energy is s = (k1 + k2)
2 and the mass
of W± and Z is m2V = g
2
V 〈φ〉2/2 with gV = g and g/cw, respectively. Since Mη1 ≫ 〈φ〉 and
s ≫ m2V are supposed to be satisfied in the present model, this coupling can be approximately
estimated as
GVµν ≃
κ2g
2
V
(4π)2
I
(
M2η1
s
)(
gµν − 2k2µk1ν
s
)
(V =W±, Z, A),
GVµν ≃
κ2
(4π)2
(λ+ + λ− + 2λ3)
m2V
s
J
(
M2η1
s
)
gµν (V =W
±, Z), (52)
where gV =
√
2e for photon and I(r) and J (r) are given as
I(r) = 1 + r
(
ln
1 +
√
1− 4r
1−√1− 4r + iπ
)2
,
J (r) = √1− 4r
(
ln
1 +
√
1− 4r
1−√1− 4r + iπ
)
− 2. (53)
In high energy regions where s≫ m2V is satisfied, a dominant contribution to this coupling GVµν
from transverse polarization εT and longitudinal polarization εL is approximately summarized
as
GVµνεµT (k1, α)ενT (k2, β) ≃
κ2g
2
V
(4π)2
I
(
M2η1
s
)
δαβ (V =W
±, Z, A),
GVµνεµL(k1)ενL(k2) ≃
κ2
2(4π)2
(λ+ + λ− + 2λ3)J
(
M2η1
s
)
(V =W±, Z). (54)
Appendix B
We define u as velocity of η1 at infinity and w as velocity of η1 after scattering by a nucleus at
a point whose distance from the center of the Sun is r. They satisfy w2 = u2+ v2(r) where v(r)
is escape velocity at the scattering point. If we represent the escape velocity at the center and
the surface of the Sun as vc and vs respectively, the escape velocity v(r) at a sphere of radius r
might be approximated by11
v(r)2
v2s
=
v2c
v2s
− M(r)
M⊙
(
v2c
v2s
− 1
)
, (55)
where M(r) is the mass contained in the sphere of radius r. We define φˆ(r) as φˆ(r) = v(r)2/v2s .
If the energy transfer ∆E from η1 to a nucleus through the scattering with the nucleus inside
11They should be taken as values such that vc = 1354 km/s and vs = 795 km/s in this context [46].
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the Sun satisfies ∆E ≥ Mη1w2/2 −Mη1v(r)2/2 = Mη1u2/2, η1 is captured inside the Sun. On
the other hand, the kinematics of the scattering between η1 and a nucleus Ni whose mass is
MNi requires ∆E ≤ µi/µi+E, where E =Mη1w2/2, µi =Mη1/MNi and µi± = µi± 1/2. Taking
account of this range of ∆E, capture probability per a scattering Ωv(w) for η1 which is specified
by the velocity w for given u and v(r) can be defined as
wΩiv(w) =
σ(η1Ni)nNiw2
E
µ2i+
µi
∫ Eimax
Eimin
F 2i (∆E)θ
(
∆E − u
2
w2
E
)
d(∆E), (56)
where nucleus number density in the Sun and η1-Ni scattering cross section are expressed
by nNi and σ(η1Ni), respectively. The cross section σ(η1Ni) can be calculated by applying
eq. (28) to eq. (46). Form factor of the nucleus Ni is introduced as F 2i (∆E) = exp(−∆E/Ei0)
where Ei0 is defined as E
i
0 = 3/(2MNiR
2
Ni
) by using nucleus mean square radius RNi ≃[
0.91(MNi/GeV)
1/3 + 0.3
]× 10−13 cm. Bounds Eimax and Eimin in eq. (56) are fixed as
Eimax =
µi
µ2i+
E, Eimin = 0. (57)
Since Mη1µi/µ
2
i+ ≃ 4MNi and Mη1µ2i−/µ2i+ ≃Mη1 are satisfied in the present case MNi ≪Mη1 ,
eq. (56) is reduced to
wΩiv(w) =
σ(η1Ni)nNi
2MNi
Ei0
[
e
−
Mη1u
2
2Ei
0 − e−
2MNi
Ei
0
(u2+v(r)2)
]
. (58)
This suggests that only η1 with the velocity u≪ v(r) could be captured in the Sun effectively.
If we suppose that distribution of the velocity u of η1 at temperature T follows the Maxwell-
Boltzmann distribution function and take account of circular velocity v0 of the Sun around the
Galaxy center, the modified distribution function fζ(u) can be expressed as
fζ(u) = 4πu
2nη1
(
Mη1
2πT
)3/2
e
−
(
3u2
2v¯2
+ζ2
)
sinh 2yζ
2yζ
=
(
6
π
)1/2
nη1
y
v¯ζ
(
e−(y−ζ)
2 − e−(y+ζ)2
)
, (59)
where nη1 is local number density of η1 in the halo and a variable y is defined by y
2 =Mη1/2Tu
2.
The velocity dispersion v¯ of η1 is fixed by Mη1 v¯
2/2 = 3T/2 and v0 is taken into account through
ζ, which is defined by ζ =
√
3v20/(2v¯
2).
Using eqs. (58) and (59), the capture rate of η1 per a unit volume in the Sun is calculated
by
dCic
dV
=
∫ uimax
uimin
fζ(u)
u
wΩiv(w)du. (60)
Since uimin and u
i
max are fixed in the case µi ≫ 1 as
uimin = 0, u
i
max =
√
µi
µ2i−
v(r), (61)
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eq. (60) can be reduced to
dCic
dV
=
(
6
π
)1/2 σ(η1Ni)nNinη1
4MNi v¯
Ei0
[
G(y, ai)−G(y, bi)e−(ai−bi)y2
]
, (62)
where G(y, α) is defined by
G(y, α) =
[
χ
(
(− ζ√
1 + α
,
ζ√
1 + α
)
+ χ
(√
1 + αy2 − ζ√
1 + α
,
√
1 + αy2 +
ζ√
1 + α
)]
e−
−αζ2
1+α√
1 + α
. (63)
In this formula, ai and bi are defined as ai = Mη1 v¯
2/3Ei0 and bi = µiai/µ
2
i+ and a definition
χ(z1, z2) =
∫ z2
z1
exp(−z2)dz = (√π/2) {erf(z2)− erf(z1)} is used. The total capture rate by the
Sun is obtained by using the above formula as
Cc =
∑
i
∫ R⊙
0
dCic
dV
4πr2dr, (64)
where R⊙ is the solar radius. If we use eq. (55) in eq. (64), we can obtain the final formula (45)
given in the text, where we use variables which are defined as
Aˆi± =
√
1 + aiAi ± ζ√
1 + ai
, Aˇi± =
√
1 + biAi ± ζ√
1 + bi
,
Aci = Ai(vc), A
s
i = Ai(vs), (65)
in which Ai is given by A
2
i = (3v(r)
2/2v¯2)(µi/µ
2
i−).
The above calculation can also apply to self-capture rate Cs. In that case, we have to take
account that η1 has s-channel self-scattering process mediated by s˜ in addition to the one caused
by a λ2 coupling. It crucially depends on the velocity distribution around the resonance. The
η1 capture probability Ω
s
v(w) through the scattering with η1 itself in the Sun can be expressed
following the formula for the η1-nucleus scattering given above,
wΩsv(w) =
n(r)σRRw
2
E
[
E˜max −max
(
E˜min,
1
2
Mη1u
2
)]
, (66)
where σRR is given in eq. (30) and n(r) is the number density of η1 in the Sun. As E˜max
and E˜min are the same as the ones in the η1-nucleus scattering case, it can be reduced to
wΩsv(w) = σRRv(r)
2. Since µ+ = 1 is satisfied in the η1-η1 scattering and then there is no
kinematic suppression, a wider range of u could substantially contribute to dCs/dV through
integration for the velocity distribution of η1. Here we note that umax = v(r) should be satisfied
to guarantee η1 not to be ejected outside the Sun. However, umax can be safely taken as infinity
in the integration of u since the escape velocity v(r) in the Sun is much larger than the velocity
dispersion v¯ of η1 in the halo. On the other hand, umin should be fixed at umin = 0 as in the
capture due to the scattering with nucleus. We obtain the formula (47) in the text by taking
account of these points and assuming that the narrow resonance condition ∆ ≫ γs˜ is satisfied
in the u integration.
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